ABSTRACT
P
rimary ICH occurs in 10%-30% of patients with stroke and is the most deadly and disabling type of stroke.
1,2 Early hematoma expansion is an independent predictor of neurologic deterioration and mortality. 3, 4 Visualization of contrast extravasation within a hematoma on CTA, the spot sign, has been previously characterized and identified as an independent predictor of early hematoma expansion. 5, 6 A CTA spot sign score derived from the number, attenuation, and size of spots demonstrates an increased risk of hematoma expansion with increasing score. 7 An inherent limitation of the spot sign score is that optimal CTA timing for spot visualization is unknown. Prior studies have demonstrated that delayed contrast imaging detects an additional 8% of spots not seen on early imaging. [8] [9] [10] Furthermore, a prospective mulitcenter study using only early CTA for spot characterization demonstrated that 22% of spot-negative patients underwent hematoma expansion, 6 likely underestimating the true number of patients with contrast extravasation. A large number of potential physiologic processes may affect spot sign visualization. Although rates of contrast injection, contrast dose, and volume can be standardized, there are varying blood pressure, circulation time, and perihematoma intracranial pressure changes that influence the time to spot visualization. It is, therefore, unlikely that a single optimal CTA time for spot sign delineation exists. Recent studies have recommended both early and late imaging to increase spot detection, but there are no published data indicating that such studies will capture all foci of extravasation. CTP is a dynamic study that tracks a contrast bolus through the intracranial circulation typically for 60 -120 seconds with modern biphasic techniques. CTP circumvents the need for early and late acquisitions and may show contrast extravasation not present on either CTA or PCT, reflecting the transient dynamics of spot sign opacification. 11 Thus, it is likely that more spots may be detected with a dynamic study than with CTA or postcontrast imaging alone. Furthermore, peak opacification and extravasation size of the spot sign may occur at intervals later than those seen with traditional CTA. CTP may, therefore, also potentially improve the accuracy of the spot sign score for outcome. The aim of this study was to assess the utility of CTP source images for spot sign detection and characterization, with emphasis on its impact on prediction of hematoma expansion or poor clinical outcome. We hypothesized that CTP would improve spot sign detection and demonstrate improved outcome prediction over CTA-or PCT-detected spots.
MATERIALS AND METHODS

Patient Cohort
This study was approved by the local institutional ethics review board. During a 6-month period, 28 consecutive patients with spontaneous ICH on NCCT, presenting to our tertiary stroke center Ͻ6 hours from ictus and consenting to baseline CTA, PCT, and CTP studies, were included in the study. Patients with secondary ICH (eg, suspected trauma, underlying aneurysm, vascular malformation, hemorrhagic conversion of ischemic stroke, venous sinus thrombosis, tumor, infection, or iatrogenic in-hospital procedure or illness) were excluded. Recruitment was performed during daytime hours because of the need for consent from the patient (or more commonly from the legal decision-maker) for the additional CTP scan. All 28 patients approached for inclusion into the study consented to the research protocol. When patients were enrolled, we explained that they would only be eligible for the CTP protocol after CTA was reviewed acutely to exclude secondary ICH. No secondary ICH causes occurred, and all consenting patients were included in the analysis.
Clinical Data
Baseline clinical variables were recorded in an ICH data base at ictus, and any missing data were retrieved by retrospective chart review. Data collected included patient demographics, medical history (anticoagulation, prior stroke, hypertension, diabetes, smoking, dyslipidemia, and alcohol abuse), time of symptom onset, baseline neurologic examination (NIHSS), blood pressure, and admission blood work (complete blood count, coagulation profile, and serum glucose). In-hospital mortality, need for surgical drainage, and discharge mRS scores were obtained from chart review by an experienced neurologist blinded to radiologic data.
Imaging Acquisition
All CT acquisitions were performed on a 64-section CT scanner (LightSpeed Plus and VCT; GE Healthcare, Milwaukee, Wisconsin). Standard baseline ICH evaluation at our institution includes a baseline NCCT, CTA, and PCT followed by a 24-hour NCCT. NCCT and PCT examinations were performed from the skull base to the vertex with the following parameters: 120 kV(peak), 340 mA, 4 ϫ 5 mm collimation, 1 s/rotation, and a table speed of 15 mm/rotation. CTA studies were acquired from C6 to the vertex in the helical half-scan mode with the following parameters: 0.7 mL/kg of iodinated contrast (to a maximum of 90 mL through an antecubital vein via at least an 18-or 20-ga angiocatheter), 120 kV(p), 270 mA, 1 s/rotation, 1.25-mm section thickness at 0.625-mm intervals, and table speed of 3.75 mm/rotation. CTA contrast bolus timing was obtained by using a SmartPrep (GE Healthcare) semiautomated attenuation-triggered technique. A biphasic CTP study was added at baseline after consent was obtained. The first phase was a 45-second continuous (cine) scan reconstructed at 0.5-second intervals to produce a series of 90 sequential images for each of the 8 sections, covering a total of 40 mm. The second phase collected images covering the same 8 sections during an additional 90 seconds, immediately after the first phase at intervals of 15 seconds. Scan parameters for both phases were the following: 80 kV(p), 190 mA, 8 ϫ 5 mm collimation, and 1 s/rotation. On the basis of the NCCT findings, CTP was targeted to provide the largest hematoma coverage possible. Iodinated contrast (dose, 0.5 mL/kg; maximum, 50 mL; rate, 4 mL/s) was injected 3-5 seconds before the start of the first CTP phase.
Imaging Analysis
All scans were reviewed jointly by 2 readers with a third experienced neuroradiologist providing final consensus. Spots signs were defined as foci of contrast extravasation within the hematoma with attenuation Ͼ120 HU and were visualized on spot windows (width, 200; level, 100). The total number of spots, maximum spot attenuation, and axial dimensions were recorded for all patients on each of the CTA, CTP, and PCT source images. Each spot was numbered sequentially on each study, and annotations were saved to the PACS. Each technique was reviewed blinded to the others with a 1-week interval in between to avoid recall bias. After the 3 reviews, each patient was again examined to cross-reference spots among imaging modalities to determine whether they were present on the other study types. A cross-reference tool was used to determine the status of each previously labeled spot. Spot sign scores were calculated for each technique as previously published, considering maximum axial dimension, attenuation, and number of spots. 7 Time from CTP contrast bolus injection to maximal spot attenuation was recorded in seconds for CTP spots. Time from contrast bolus injection to CTA and PCT acquisition was obtained from archived SmartPrep images (GE Healthcare). Baseline and 24-hour follow-up NCCT ICH volumes were calculated by using the ABC/2 method. 12 Hematoma expansion was defined as an increase in volume of Ͼ6 mL or Ͼ30%. 8 The presence of IVH and Graeb score 13 on baseline imaging was measured; however, it was not considered in the calculation of hematoma expansion. Ultra-early hematoma growth was calculated by dividing the initial hematoma volume by the hours from ictus onset. 14 Studies were viewed on PACS workstations.
Statistical Analysis
A combined primary outcome of hematoma expansion or poor clinical outcome was used and defined as hematoma expansion, need for emergent surgical drainage, or in-hospital mortality. Patients undergoing emergent surgery were included in the primary outcome because these patients often demonstrate early clinical deterioration, prompting surgery, and have poor clinical outcomes. 15 Univariate associations with the primary outcome and spot sign presence were examined against baseline clinical, laboratory, and radiographic variables. Continuous data were assessed by using the Student t test or Wilcoxon rank-sum test on the basis of the normality of data by using the Shapiro-Wilk test. Categoric data were assessed by using the Fisher exact test. Multivariable logistic regression for primary outcome prediction was performed including all variables with P Ͻ .10 on univariate analysis. Firth bias-correction was used to account for complete separation of data. 16 Model calibration was assessed with the Hosmer-Lemeshow test. Individual spot sign characteristics on CTA, CTP, and PCT were also compared against the primary combined outcome. The predictive ability of spot properties by imaging technique was assessed by using receiver operating characteristic curve analyses. Diagnostic performance for prediction of poor outcome and spot detection between imaging techniques was performed by using ROC curve comparison and the McNemar test for continuous and dichotomous variables, respectively. The Kruskal-Wallis test was used to examine differences in spot characteristics between modalities overall. Statistical associations with P Յ .05 were considered significant. All statistical analyses were performed in SAS, Version 9.2 (SAS Institute, Cary, North Carolina) and R, Version 2.13.2 (http://www.r-project.org/).
RESULTS
Patient characteristics and univariate associations with the primary combined outcome are summarized in the On-line Table. Primary outcome criteria were met by 18 patients (61%), with 11 (39%) patients dying in-hospital (3 before 24-hour follow-up CT), 6 (21%) undergoing surgical hematoma evacuation before follow-up CT, and 6 (21%) exhibiting hematoma expansion. Of the 6 patients undergoing surgery, 3 (50%) died in-hospital and the remainder experienced moderate-to-severe disability (mRS score Ն 4). Of the 6 patients with hematoma expansion, 2 (33%) died in-hospital and 2 (33%) were left with moderate-to-severe disability (mRS score Ն 4). Primary outcome was significantly associated with greater median baseline NIHSS score, IVH Graeb score, initial and final hematoma volume, ultra-early hematoma growth, percentage hematoma expansion, and spot presence on all imaging techniques (P Ͻ .05). Patients with the primary outcome also had a trend toward increased absolute hematoma expansion (P ϭ .053). Multivariable regression demonstrated that CTP spot presence was the only independent predictor of the primary outcome after adjusting for initial ICH volume, ultraearly hematoma growth, NIHSS score, and IVH Graeb score (odds ratio, 13.7; 95% CI, 1.12-166; P ϭ .040).
Greater median (interquartile range) initial hematoma vol- 
Outcome Prediction Performance by Imaging Technique
Fifteen (54%) patients demonstrated a spot sign with 8 (29%), 14 (50%), and 9 (32%) spot-positive patients found on CTA, CTP, and PCT, respectively. The corresponding sensitivity for the prediction of primary outcome was 44% (95% CI, 22%-69%), 78% (95% CI, 52%-94%), and 50% (95% CI, 26%-74%), respectively, for each CT technique. CTP spot sensitivity was significantly greater than CTA (P ϭ .034) and PCT (P ϭ .025) spots. Specificity and positive predictive value for primary outcome prediction was 100% for the presence of spot signs on all modalities (95% CI, CTA: 69%-100%, 63%-100%; CTP: 69%-100%, 77%-100%; PCT: 69%-100%, 66%-100%, respectively). Negative predictive value for CTA, CTP, and PCT was 50% (95% CI, 27%-73%), 71% (95% CI, 42%-92%), and 53% (95% CI, 29%-76%), respectively. All PCT spot-positive patients were identified as spot-positive on CTP. With the exception of a single patient (1/8; 13%), all CTA spot-positive patients were classified as spot-positive on CTP. The single spot-positive patient who was missed on CTP was due to inadequate spatial coverage through the hematoma. A combination of spot presence on CTA or PCT improved the sensitivity for primary outcome prediction to 61% (95% CI, 36%-83%) and had a trend toward improved sensitivity over CTA spot presence alone (P ϭ .083). This however was not significantly improved over PCT spot sensitivity (P ϭ .157). CTP spot positivity had the highest sensitivity for primary outcome prediction, detecting 3 additional true-positive patients compared with combined CTA or PCT, though this did not reach statistical significance (P ϭ .180). Comparison between CTA and PCT spot-positive patients demonstrated that 2 (7%) patients were true-positive only on CTA and 3 (11%) patients were true-positive only on PCT. There was, however, no statistical difference between CTA and PCT spot sensitivity for the prediction of the combined outcome (P ϭ .655).
Spot Characteristics by Imaging Technique
Radiologic characteristics of the spot sign by imaging technique are summarized in the Table. Overall maximum spot attenuation varied among modalities (P ϭ .011), with PCT spots significantly less attenuated than CTA (P ϭ .009) or CTP (P ϭ .008) spots. No difference was noted between maximum CTA and CTP spot densities (P ϭ .868). The maximum axial dimension was significantly larger among PCT spots compared with CTA spots (P ϭ .018). No differences in maximum axial dimensions were noted between CTP and PCT spots (P ϭ .369); however, there was a trend toward increased CTP spot size compared with CTA (P ϭ .094). The time from contrast bolus injection to maximum spot attenuation was significantly longer for CTP compared with CTA (P ϭ .002) and significantly shorter than PCT (P Ͻ .001). Patients classified as CTA spot-negative who were positive on CTP (n ϭ 7) tended to have fewer CTP spots than those positive on both CTA and CTP (n ϭ 7) (1 [range, 1-2] versus 4 [range, 2-6] P ϭ .058).
Primary outcome was associated with the spot number on CTA (P ϭ .017), CTP (P Ͻ .001), and PCT (P ϭ .010), with a corresponding area under the curve of 0.722 (95% CI, 604 -0.840), 0.889 (95% CI, 0.790 -0.988), and 0.750 (95% CI, 0.631-0.869), respectively. Analysis of receiver operating characteristic curves demonstrated that maximal specificity was obtained by spot presence or absence on each technique; and further stratification by number, attenuation, size, and spot sign score did not yield additional predictive performance benefit.
Analysis of individual spots on each technique independently demonstrated 28, 51, and 17 spots on CTA, CTP, and PCT, respectively. After we cross-referenced spot location among modalities, there were a total of 70 possible spots identified. CTP detected the greatest number of spots (56/70, 80%) compared with CTA (28/70, 40%; P Ͻ .001) and PCT (21/70, 30%; P Ͻ .001). A combination of spots identified on CTA or PCT improved overall spot detection (39/70, 56%); however, CTP remained significantly better for spot detection (P ϭ .011). If we examined spots not seen among modalities, 18 (64%) and 10 (36%) CTA spots were found to have not been visualized on PCT and CTP, 38 (75%) and 39 (76%) CTP spot foci were not visualized on CTA and PCT, and 11 (65%) and 5 (29%) PCT spots were not visualized on CTA and CTP, respectively. An analysis of CTP spots not visualized on CTA demonstrated that spots missed on CTA had a greater time from contrast bolus injection to maximum attenuation CTA and PCT spots not detected on CTP could all be attributed to incomplete hematoma coverage.
DISCUSSION
The use of CTP source images for spot sign detection resulted in greater spot sign and spot-positive patient detection compared with CTA and PCT. CTP spot sign independently predicted hematoma expansion or poor clinical outcome and was also significantly associated with greater absolute hematoma expansion volume, final hematoma volume, and in-hospital mortality. The increased sensitivity for spot detection was largely attributed to a delay in the appearance of maximal spot attenuation at 30 -70 seconds, appearing later than the traditional CTA acquisition time of 20 -26 seconds (Fig 1) . Increased sensitivity over PCT was also due to the detection of smaller and less attenuated spots that dispersed or became subthreshold attenuation on PCT at 300 -360 seconds. These findings highlight the disadvantages of single arbitrarily timed CTA acquisitions for the detection of extravasation, which may limit accurate prediction of hematoma expansion and poor outcome. These findings also reinforce the observations by Chakraborty et al 11 and emphasize the critical timesensitive nature of spot sign appearance. The presence or absence of the spot sign was the best spot characteristic for prediction of hematoma expansion or poor outcome, demonstrating maximal sensitivity and specificity for all modalities. These results precluded any study of predictive value improvement with the spot sign score. Similarly, previous studies of CTA spot sign performance have demonstrated specificities between 80% and 100% for hematoma expansion. [5] [6] [7] 10 We observed a positively skewed distribution of initial hematoma volumes with small initial volumes in patients not meeting the combined outcome. Smaller hematomas are less likely to harbor underlying contrast extravasation and undergo expansion. Supporting this finding is a prior study demonstrating that smaller initial hematomas (Ͻ10 mL) uncommonly undergo hematoma expansion or experience poor outcome. 17 Furthermore, an association between larger baseline hematoma and contrast extravasation is shown. 6 The high reported specificity in this series may also be the result of the used threshold proposed by Delgado Almandoz et al 7 as a cutoff for spot sign definition. Although the threshold was selected to facilitate spot sign detection from background hematoma attenuation, the delay to peak attenuation shown with CTP indicates that while this threshold improves CTA specificity, sensitivity is reduced. The optimal threshold selection for early CTA remains uncertain and is dependent on both the rate of leakage and scan timing. Although formal validation is required, we have observed that an attenuation of Ͼ100 HU may be a more sensitive threshold for spot identification.
Following the mixed results of the phase 2 and 3 acute ICH recombinant activated factor VII (rFVIIa) therapy trials, 18, 19 there has been growing interest in the CTA spot sign as a predictor of hematoma expansion to facilitate targeted hemostatic therapy. [20] [21] [22] CTP source image use increases the sensitivity for spot detection and, more important, the sensitivity for prediction of hematoma expansion or poor clinical outcome while maintaining high specificity. When CTP was used for spot sign screening, 50% of patients demonstrated a spot sign compared with 29% detected on CTA. A prevalence of 29% is concordant with prior reports. [5] [6] [7] These results strongly suggest that early CTA may not be sufficient to fully define the ICH population at risk for hematoma expansion. This deficiency may critically affect trials recruiting patients for rFVIIa, not only because of the relatively large sample required to achieve sufficient spot-positive patients but also due to misclassification of patients as spot-negative. Such concern was recently raised by Wardlaw 23 commenting on a 22% rate of hematoma growth in early CTA-designated spot-negative patients in a prospective ICH study. 6 CTP source images identify a greater number of patients who are at risk for poor outcome and who may potentially benefit from therapeutic intervention. Our results confirm that detection of more patients who are actually spot-positive on CTP contributes to better outcome prediction than CTA and PCT alone. CTP therefore represents an ideal technique for extravasation imaging and may improve patient selection for therapy.
The combination of CTA and PCT was shown to be inferior to CTP for detection of individual spots; however, it was not significantly worse for detection of spot presence in patients. Our study, however, had limited power to detect small differences in sensitivity. Furthermore, CTP does provide a longer time window to observe contrast extravasation and the additional benefit of quantification of the rate of extravasation. 24 Radiation doses from NCCT, CTA, CTP, and PCT were 2.6, 3.5, 2.5, and 2.6 mSv, respectively. The temporal resolution of CTP can be reduced to address any dose concerns (or facilitate greater spatial coverage) because the higher temporal resolution required for perfusion imaging is not necessary for spot detection. We propose that a uniphasic sequence with 15-second resolution be used for a 2-minute total duration. Reducing the spatial coverage to the region of interest through the hematoma and angulation to avoid the orbits is expected to significantly reduce the CTP dose to less than that of a conventional NCCT or CTA. The protocol would also significantly reduce the heterogeneity of the observed prevalence and characterization of contrast extravasation currently reported with PCT and early and delayed CTA imaging. 8 -10 Given the potential improvement in diagnostic efficacy, extra, modest radiation exposure for improved diagnostic efficacy may outweigh any risk associated with stochastic effects. Additionally older patients who typically constitute the ICH population have a lower risk of a stochastic effect.
An important limitation of this study was inadequate spatial coverage of hematoma volume by CTP. In 1 patient, this resulted in misclassification of a CTA spot-positive patient. It is possible that more spots and spot-positive patients would have been identified if the entire hematoma had been visualized. Techniques to increase spatial coverage included table toggle techniques, 25 CTP repeated at 2 consecutive levels, 26 and the use of 320-section scanners with inherent greater spatial coverage. 27, 28 Our study has a small sample size, reflecting the difficulty in recruiting patients with ICH into hyperacute-phase imaging studies. Validation of our findings in a larger prospective sample is thus required.
CONCLUSIONS
Use of CTP source images in acute ICH improves the sensitivity for spot sign detection and prediction of hematoma expansion or poor clinical outcome over CTA and PCT alone. CTP-detected spots could increase the number of patients with acute ICH eligible for enrolment in trials of hemostatic therapy; however, these findings should be further validated in larger studies.
